Abstract: Indolizyl-5-lithium anions react with succinic and phtalic anhidrides giving 1,4-keto acids, with oxallyl chloride giving 1,2-diketone, and with ethyl pyruvate giving 1,2-hydroxyacid. However, with α-halocarbonyl compounds, they react in different ways, forming the products of selective bromination at C-5 (with α-bromo ketones and esters of α-bromo acids) and 5-chloroacetyl indolizines.
Introduction
Indolizine is an important heterocycle, and its derivatives show interesting photophysical (fluorescence) and biological properties [1] [2] [3] [4] [5] [6] . It is well known that electrophilic reagents react with indolizines at position 3 and/or 1 [7] [8] [9] . However, indolizines are easily deprotonated at C-5 under the action of BuLi, and the use of an intermediately lithiated indolizines leads to an attack of electrophiles on the carbanionic center C-5. In the literature, there are few reactions that allow such groups as carboxyl, acyl, methyl, halogen or trimethylsilyl [10, 11] to enter the carbanionic center at position 5, as well as subsequent Suzuki [12] and Sonogashira [13] coupling. However, the reactions with polyfunctional electrophiles are not described, and the aim of this work is to analyze the reactions of 5-indolizyl lithium with some bielectrophilic reagents. In this case, both C-5 and C-3 positions in the indolizyl anion are nucleophilic, and the entire structure would resemble a sort of 1,3-binucleophile that may undergo cyclization to a tricycle.
Results and Discussion
For our studies, we selected indolizines containing phenyl (1a) or tert-butyl (1b) group at position 2. Just for these substrates, the lithiation reaction, as well as further reactions with electrophiles, were studied [10, 11] . In addition, 2-tert-butyl-indolizines are much more resistant to oxidation compared to other 2-alkyl indolizines, and most of the 2-phenyl substituted indolizines are crystalline compounds.
Lithiation of the compounds 1a and 1b was carried out by the technique developed in our laboratory. In the standard method [10] , it is recommended to pour a stream of electrophile solution into the indolizyl anion. In order to realize the slow addition of a carbanion to the excess of electrophile, its solution was pressed through a curved metal needle directly into the electrophile solution under a pressure of argon. Alternatively, the carbanion solution could be moved to a funnel and then added to the electrophile.
The Reactions with Succinic and Phtalic Anhydrides
When indolizyl lithium derivatives A and B (from the compounds 1a and 1b respectively) reacted with succinic or phtalic anhydride, the color of the reaction mixture was changed to bright yellow or red. After treatment with aqueous NH 4 Cl and chromatography on silica gel (CHCl 3 -CH 3 OH, 10:1), new crystalline substances were isolated, Scheme 1. The structures of the thus obtained compounds 2a and 2b (yellow) and 3a and 3b (red) corresponded to the products of opening of these cyclic anhydrides by indolizyl anions leading to keto-acids.
The elemental composition of the compound 2a corresponded to hemi-hydrate, and that of compounds 3a and 3b corresponded to hydrates; the water could not be removed by vacuum heating. The structure of molecule 2b was proven by X-ray data, Figure 1 . The mass spectra of compounds 3a and 2b had the expected peaks of molecular ions. The color of compounds 3a and 2b was caused by long-wave maximum at~450 nm.
In the 1 H-NMR spectra of compounds 2 and 3, the doublet of proton H-5 (shifted most downfield in the spectra of starting materials 1) disappeared, and the signals of keto-acid appeared in the aliphatic (or aromatic) region. The characteristic feature of the spectra of all compounds 2 and 3 was the presence of the isolated and most downfield singlet H-3 in the area of 8.8-9.2 ppm which resulted from the peri-effect of the magnetically anisotropic 5-acyl group. This effect was observed for other 5-acyl indolizines (formyl-and benzoyl derivatives [11] ). Furthermore, 3-and 8-acyl indolizines behaved similarly [14] with the influence on peri-positions H-5 or H-1. Thus, indolizyl lithium derivatives reacted with succinic or phtalic anhydride, forming previously unknown ketoacids 2 and 3. 
The Direction of Protonation
The location of the electrophilic carboxyl function in the compounds 2 and 3 near the electron-excessive atom C-3 of the pyrrole moiety of indolizine allowed the possibility of ring closure to be expected. It may occur under the proper activation of the COOH group leading to intramolecular acylation of the indolizine ring (Scheme 2). Meanwhile, all our efforts to encourage such a cyclization (by dissolving compounds 2 and 3 in protonic acids of different strength) have not led to the desired result. While such agents are often used to assist intermolecular cyclizations of indolizines, in our experiments we isolated only unchanged starting materials. The reason could be the well-known fact that the indolizine nucleus itself is the base; mineral acids protonate the indolizine moiety at C-3.
We registered the 1 H-NMR spectrum of compound 2b in CF 3 COOH and observed that indolizine was entirely protonated at C-3, Scheme 2. In the 1 H-NMR spectrum, there was a singlet of double intensity of H-3 at 5.8 ppm, while the rest of the signals were shifted downfield. The literature data of the spectra of 1-and 3-CH 2 -indolizyl cations [14] [15] [16] indicate that the position of a singlet of the CH 2 group at δ > 5 ppm is clear proof of protonation at position 3. Since the protonated atom C-3 is excluded from the π-excessive heterocyclic system, its subsequent acylation becomes impossible. It is worth noting that, in the mass spectra of compounds 2b and 3a, there is no peak [M − 18] + corresponding to the loss of water molecules through intramolecular cyclizations of the molecular ion. This may indirectly indicate a low tendency of the compounds 2 and 3 to transform in tricycles. Possible closure of the seven-membered ring is generally unfavorable due to steric reasons.
The Reaction with Oxallyl Chloride and Ethyl Pyruvate
In the next stage, we decided to shift from the case of 1,4-bielectrophiles to the extreme case of 1,2-bielectrophiles, i.e., derivatives of 1,2-dicarboxylic acid, namely, its bis-acid chloride. When adding oxallyl chloride to lithium-organic derivatives B (from indolizine 1b), the reaction mixture was colored intensively red. After purification, a red crystalline solid was obtained, the 1 H-NMR spectrum of which was very similar to the above-described 5-acyl derivatives 2 and 3. Thus, in the spectrum, the signal of proton H-5 was absent, and the proton H-3 resonated at the weak field at 8.96 ppm. Initially, we assumed that the structure of the compound met the structure of acid chloride 4b. Meanwhile, a study of the mass spectrum (LCMS) indicated the presence of the peak [M] + = 401, corresponding to the diketone 5b, Scheme 3. This structure was also confirmed by elemental analysis data. Finally, the X-ray data ( Figure 2 ) confirmed that the structure of the resulting product 5b really contained two pieces of indolizine and diketone. A similar result was obtained for 2-phenyl indolizine 1a. In this case, an insoluble residue precipitated from the reaction mixture. Its mass spectrum (direct input) showed the presence of a peak [M] + = 283 (which corresponded to acid chloride 4a) and a peak of the dimeric structure 5a ([M] + = 440).
Using indolizine 1b, we conducted the same experiment, slowly adding (via a curved metallic needle) solution of indolizyl lithium B to oxallyl chloride. The solution had the expected red color, but analysis of the reaction mixture by TLC showed that the main product (with low R f ) decomposed during chromatography. To prove that, in this experiment, the acid chloride 4b was really formed, the reaction mixture was decomposed with a solution of MeONa. In this case, a stable crystalline solid was formed, the 1 H-NMR spectrum of which greatly resembled that of diketone 5b, but in the aliphatic region the signal of the MeO group was presented. This spectrum was fully consistent with the structure of the ester 6b, Scheme 3.
To expand the range of 1,2-bielectrophiles, we studied the reaction of lithium derivative A with ethyl pyruvate. According to the 1 H-NMR spectrum of the product, the ester group was observed, indicating that the attack of the carbanion was directed at the acetyl moiety of ethyl pyruvate, forming the hydroxy acid ester 7, Scheme 4. Since, in this case, there was a tertiary alcohol at position 5, the peri-effect was not observed in the spectrum, and the proton H-3 resonated at higher fields (7.85 ppm). An anticipated feature of the NMR spectrum of the compound 7 was the complex multiplicity of the signal of the methylene unit of the ethoxycarbonyl group, due to the influence of diastereotopic methyl and hydroxy groups on the chiral carbon atom. 
The Reaction with Phenacyl Bromide and Haloacetic Acid Esters
As was shown by Boekelheide in 1951 [17] , the lithiation of 5-methyl indolizine followed by reaction with DMF led, through the intermediate C, to the formation of a cycle[3. The addition of phenacyl bromide to derivatives A and B resulted in compounds 8a and 8b (Scheme 5). In the 1 H-NMR spectra, the doublet H-5 of starting indolizines was absent, but the signals of the corresponding phenacyl group were also not observed. We supposed that the bromination at position C-5 happened instead of alkylation. Comparison of the m.p. ( • C) of compound 8a with the literature data [11] (as well as the data on the 1 H-NMR spectra of both substances) confirmed this assumption. Finally, the structure of indolizines 8 was proven by direct bromination of indolizyl lithium derivatives A and B by mild brominating agent (C 2 F 4 Br) according to the method described in the literature [11] . Although there are examples where phenacyl bromides may act as electrophilic brominating agents, such processes, however, generally occur in an environment of strong acids. Meanwhile, we fail to find literary examples (and of course, the mechanism) of the bromination of carbanions (or lithium-organic compounds) using alpha-bromoketones. The reason for the observed transformation could lie in the comparable electronegativity of the bromine and CH 2 COPh group, which underwent cleavage to Br + and carbanion at certain conditions.
The reaction of ethyl bromoacetate with the lithium derivative B also resulted in the formation of 5-bromoindolizine 8b. Hoping that a more electronegative chlorine atom would show lower electrophilicity as compared with bromine, we attempted to involve ethyl chloroacetate in reaction with the lithium derivative A, Scheme 6. The reaction product, however, according to the 1 H-NMR spectra, greatly resembled that of 5-acyl derivatives (2, 3, 5, 6 ). The signal of proton H-5 was absent in the spectrum, and the singlet H-3 was downfield (9.44 ppm). Signals of the ethoxycarbonyl group (expected in the case of the alkylation of ethyl chloroacetate at C-5 to give structure 10) were absent, but there was a singlet of intensity 2H at 4.77 ppm. These results clearly indicated that the reaction between ethyl chloroacetate and the indolizyl anion led to 5-chloroacetyl-indolizine 9; this was confirmed by elemental analysis data.
Conclusions
Indolizyl lithium derivatives A and B react with various bielectrophiles giving 1,4-keto acids (with succinic and phtalic anhidrides), 1,2-diketone or 1,2-keto acid (with oxallyl chloride) and 1,2-hydroxyacid (with ethyl pyruvate). However, with α-halocarbonyl compounds, they react in different ways, forming the products of selective bromination at C-5 (with α-bromo ketones and esters of α-bromo acids) and 5-chloroacetyl indolizines (with esters of α-chloroacetic acid). No spontaneous formation of a tricyclic structure was observed in these cases.
Experimental Section

General Information
All experiments involving air-sensitive compounds were performed with freshly distilled solvents under anhydrous conditions in oven-dry glassware with rubber septa under the pressure of argon using standard Schlenk techniques. 1 H-and 13 C-NMR spectra were recorded on a Bruker WP-400 spectrometer (operating frequency 400 MHz) (Bruker Ltd., Billerica, MA, USA) using commercially available DMSO-d 6 and CDCl 3 with TMS as internal standard. Mass-spectra were recorded on a Kratos MS-30 instrument (70 eV) (Kratos Analytical Ltd/Shimadzu group, Manchester, UK). Melting points were determined on Electrotermal IA 9000 (Cole-Parmer, Staffordshire, UK). The reaction progress was monitored by means of thin-layer chromatography (TLC) on aluminum foil plates, covered with silica gel 90-120 F254 "Sorbfil" using either UV light and Ehrlich s reagent as a visualizing agent. Product purifications were done by flash chromatography using 230−400 mesh silica gel (Merck KGaA, Darmstadt, Germany).
Synthesis 4-(2-Phenylindolizin-5-yl)-4-oxobutanoic acid (2a)
. The solution of 0.5 g (2.6 mmol) 2-phenylindolizine (1a) and 0.36 mL (4.0 mmol) tetramethylethylenediamine (TMEDA) in 150 mL THF was degassed, filled with argon and cooled to −80 • C. Thereto, the solution of 1.8 mL (4 mmol) of 2.24 M n-BuLi in hexane was added dropwise. The mixture was allowed to spontaneously warm up to −10 • C and stirred at this temperature for 2 h. Then solution of 0.4 g (4.0 mmol) of succinic anhydrid in 10 mL THF was added quickly at −90 • C. The reaction mixture was allowed to warm to room temperature and stand for several hours, and then it was poured into a stirred mixture of 100 mL CH 2 Cl 2 and 100 mL of saturated aqueous NH 4 Cl solution. The organic layer was separated, washed with water and dried over Na 2 SO 4 . The solvent was removed in vacuo. The crude product was placed on silica gel and purified by preparative chromatography (eluent- 4-(2-tert-Butylindolizin-5-yl)-4-oxobutanoic acid (2b). The solution of 0.45 g (2.6 mmol) 2-tert-butylindolizine (1b) and 0.36 mL (4.0 mmol) TMEDA in 70 mL THF was degassed, filled with argon and cooled to −80 • C. Thereto, the solution of 1.8 mL (4 mmol) of 2.24 M n-BuLi in hexane was added dropwise. The mixture was allowed to spontaneously warm up to −10 • C and stirred at this temperature for 2 h. Then, the solution of 0.4 g (4.0 mmol) of succinic anhydrid in 10 mL THF was added quickly at −90 • C. The reaction mixture was allowed to warm to room temperature and stand for several hours, and then was poured into a stirred mixture of 100 mL CH 2 Cl 2 and 100 mL of saturated aqueous NH 4 Cl solution. The organic layer was separated, washed with water and dried over Na 2 SO 4 . The solvent was removed in vacuo. The crude product was placed on silica gel and purified by preparative Table 1 .
Methyl (2-tert-butylindolizin-5-yl)(oxo)acetate (6b). Synthesized from 1b using reverse order in mixing of reactants. Indolizyl lithium B was added to oxallyl chloride, the reaction mixture was allowed to warm to room temperature and 20 mL 0.2 M solution of MeONa in MeOH was added dropwise. The mixture was then evaporated to dryness, extracted with CHCl 3 , and evaporated again. The resulting solid was purified by preparative chromatography (silica gel, eluent-hexane, then -CHCl 3 :MeOH = 10:1) followed by recrystallization (hexane-acetone 
X-ray Diffraction Study of Compounds 2b and 5b
The parameters of the unit cell of compound 2b were defined and refined on 8289 reflections in the range of angles 2.70-29.96 • . Primary processing of experimental data was carried out by APEX2 and SAINT-Plus programs [18] . All subsequent calculations (solution and refinement of the structures) were made using SHELX97 programs [19] . The parameters of the unit cell of compound 5b were defined and refined on the 12,101 reflections in the range of angles и 2.41-25.24 • . Primary processing of experimental data was carried out with the program X-AREA [20] . All subsequent calculations (solution and refinement of the structures) were made using SHELX97 programs [19] . Molecular representation for 2b and 5b was made using the program ORTEP-3 [21] . Editing of CIF files was performed using WinGX program [21] . Crystal structures were refined in the anisotropic approximation for all non-hydrogen atoms. The hydrogen atoms were placed in calculated positions and refined the model rider-atom-U iso (H) = (1.2-1.5) U eq (C). The hydrogen atom in the hydroxy group of 2b was conducted independently in the isotropic approximation. Crystal data and structure refinement for structures 2b and 5b are given in Table 1 . The structural information on the investigated compounds is deposited in the Cambridge Structural Database [22] (CCDC 1010131 (2b), CCDC 1010132 (5b)).
